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Hydrodynamic cavitation (HC) is being increasingly used for a wide range of applications including 
waste water treatment. No systematic comparison of pollutant degradation performance of different 
HC devices is available. In this work, for the first time: a basis for comparing performance of HC devices 
and a systematic comparison of pollutant degradation performance of five different types of HC 
devices based on linear and swirling flows is presented. 2,4 dichloroaniline (DCA) was selected as a 
model pollutant in water as it contains multiple functional groups on an aromatic ring. Experiments 
were performed at two values of pressure drop across HC devices (100 and 200 kPa) at a constant 
initial concentration (35 ppm), pH (7) and temperature (18 oC) for five types of HC devices namely 
orifice, venturi, orifice with swirl, venturi with swirl and vortex diode. The pollutant degradation was 
interpreted by a per-pass degradation factor approach. The study demonstrated that five different 
types of cavitation devices performed similar to each other when these devices were designed to 
exhibit similar pressure drop versus flow rate curve. It was conclusively shown that swirl does not 
supress degradation performance while offering advantages on shielding device walls from collapsing 
cavities. This is an important and new result which will be useful for selecting and designing cavitation 
devices. Pollutant degradation data for geometrically similar vortex diodes of two smaller scales 
showed significantly higher degradation performance. The number of passes required for ~10% 
degradation for the devices with nominal capacity of 1, 5 and 20 LPM were 15, 100 and 1200 passes 
respectively. The presented experimental data from these seven devices will be useful for evaluating 
computational models and hopefully stimulate further development of predictive computational 
models in this challenging area. 
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Hydrodynamic cavitation (HC) is a process of generation, growth and subsequent collapse of 
gas/vapour filled cavities. HC has been used in a variety of industrially relevant applications and has 
the potential to be scaled-up.1-9  Several different types of HC devices have been used.1-9 In all of these 
HC devices, flow of liquids is arranged in such a way that in certain regions, local pressure approaches 
vapour pressure of liquid. Turbulent pressure fluctuations under such conditions generate cavitation. 
Such low pressure regions can be generated using either active devices (comprising moving parts like 
rotating or vibrating blades) or passive devices (without any moving parts like orifice or venturi). Active 
devices are expensive in terms of capital and operating costs. For applications like waste water 
treatment, where overall cost is one of the primary concerns, passive devices are often used. Two of 
the most commonly used conventional HC devices are orifice and venturi. It was shown recently that 
for these two HC devices, cavitation zone occurs adjacent to the solid walls.10 This causes erosion and 
HC device subsequently loses its effectiveness with time. For applications like waste water treatment, 
no maintenance and long life of equipment are often key requirements. Simpson and Ranade10 have 
recently shown that placing a swirler before orifice or venturi combines rotational flow and linear flow 
leading to pushing the cavitation zone away from solid walls. These designs look promising for 
extending the working life of HC devices. Unfortunately, no information is available on their 
performance in terms of pollutant degradation. 
In fact, no systematic comparison of pollutant degradation performance of different HC devices is 
available. Some attempts on comparison of HC devices simply compare performance at constant 
pressure drop without discussing any basis for the same. In this work a basis for comparing 
performance of HC devices is discussed. Quantitative data on pollutant degradation performance of 
five different types of HC devices based on linear and swirling flows is presented. A complex organic 
pollutant comprising aromatic ring and multiple functions groups (2,4 dichloroaniline: DCA) was used 
as a model pollutant. A possibility of exploiting advantages of swirling flow such as shielding device 
walls from collapsing cavities without adverse influence on degradation performance is presented. 
The degradation performance of two smaller scales of vortex diode is also presented. The presented 
results provide an excellent starting point for establishing a consistent basis for comparing 
performance of different types of HC devices. 
2. Comparison of HC devices
There are relatively few attempts where performance of different HC devices is compared by the same 
investigators using the same application. It will be worthwhile to examine different possible basis for 
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comparing HC devices before briefly reviewing the previous work. Application of waste water 
treatment is considered in this work for comparing performance of different HC devices. The 
conclusions drawn from pollutant degradation will however provide general indication on the 
effectiveness of HC devices which may be valid for other applications as well. 
Conventionally, batch experiments of pollutant degradation are interpreted using pseudo first order 
kinetics.8,11-12 This is rather misleading since the degradation is not a function of time but is a function 
of number of passes through HC device. Sarvothaman et al. 13 have used per-pass degradation model 
to describe the batch experimental data of pollutant degradation. We believe that the per-pass 
degradation factor is the appropriate basis for comparing performance of HC devices. Once the per-
pass degradation factor is known for any HC device along with the operating pressure drop and flow 
rate, any other performance index of interest can be computed as:
Percentage degradation = (1)100 𝑒 ―∅𝑛𝑝
Cavitational yield (mg/J) = (2)
𝜌 𝐶0
∆𝑃 𝑛𝑝 (1 ― 𝑒
―∅𝑛𝑝)
Where C0 (mg/kg or ppm) is initial concentration of pollutant, φ is a per pass degradation factor, np is 
number of passes through HC device and P (Pa) is pressure drop across HC device. Once the number 
of passes for the desired degradation and cavitational yield is known, cost of treatment can be 
calculated using the values of pump efficiency and price of electricity in a straight forward manner. 
Per pass degradation factor for HC devices can be obtained by carrying out experiments. It is important 
to plan such experiments for evaluating relative performance of HC devices on a systematic basis. The 
five most obvious basis for carrying out such experiments are listed in Table 1.
Table 1: Possible basis for comparing per-pass performance of HC devices
No. Basis Condition 1 Condition 2












3 Same power consumption for 1 pass per 1 m3/s flow rate
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5 Same power consumption per pass through cavitation device













Where Vt and dt are characteristic velocity and length scales and Q is flow rate through HC device (=
). Unfortunately, not many published studies discuss the basis for comparison and do not 0.25 𝜋𝑑2𝑡 𝑉𝑡
report all the relevant quantities. In many cases, it is often difficult to unambiguously decide 
characteristic device dimension, dt (for example, a case of multiple slit orifice). The discharge 
coefficients or pressure drop versus flow characteristics are not adequately reported in many cases 
making the systematic comparison rather difficult. Key studies reporting comparison of HC devices are 
briefly discussed in the following.
Sivakumar and Pandit14 have compared performance (in terms of degradation of Rhodamine B dye in 
water) of six orifice plates at a same pressure drop across each device (30 psi or ~207 kPa). Similar 
criteria of same pressure drop across HC devices was used for comparing performance of i) venturi 
and orifice11, 15 – 18 and ii) vortex diode and orifice2 for different applications of cavitation. Mishra and 
Gogate18 observed a nearly two-fold increase in performance for venturi over the orifice, when 
degradation was quantified on the basis of number of passes through cavitation device at same 
pressure drop. Carpenter et al.19 used two pairs of orifice’s and a pair of venturi’s with comparable 
flowrates for studying emulsification of mustard oil in water. They observed a similar performance in 
terms of droplet size reduction with respect to number of passes for all the HC devices. A study 
comparing an orifice and vortex diode for the desulphurisation application has been reported.2 The 
study reported higher cavitation performance of vortex diode compared to orifice in terms of 
cavitation yield. In a recent study by Doltade et al.20 compared two venturi’s for degradation of an 
industrial effluent over the range of 300 – 700 kPa. They report a superior performance for one of the 
venturi’s by a factor of 4 at 300 and 500 kPa. At 700 kPa the performances were reported to be similar. 
It must be noted that the initial concentration was different for the experiments carried out at 
different pressure drop conditions. Influence of initial concentration on degradation performance was 
not reported; making the direct comparison rather ambiguous. 
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Recently, Simpson and Ranade10 have reported detailed hydrodynamic characteristics of five different 
HC devices: two of the most commonly utilized cavitation devices namely orifice and venturi which 
are based on linear flow, a high swirl flow device (vortex diode) and modified orifice and venturi with 
a swirler which use combination of swirling and linear flows for realising cavitation. These five devices 
were specially designed to ensure that they exhibit almost the same pressure drop versus flow rate 
curve. This unique set of devices therefore offer an interesting platform to compare their performance. 
In this work, we compare performance of these five devices in terms of pollutant degradation in water. 
2,4 dichloroaniline (DCA) was used as a model pollutant. The DCA has two functional groups (chlorine 
and amine) and an aromatic ring. Chloro-organic compounds form an important class of pollutants.21, 
22 Many industrial effluent streams contain phenol/aniline, as these two serve as a precursor to many 
pharmaceutical/chemical manufacturing processes. The derivative compounds of dichloroaniline find 
its use in the production of dyes and herbicides.23 The DCA belong to a class of persistent 
environmental pollutants.24 The DCA degradation results presented here will complement the 
hydrodynamic results of Simpson and Ranade.10 
3. Experimental
Simpson and Ranade10 have discussed role of swirling flows in altering characteristics of cavitation (by 
pushing the cavitation region away from the walls). The five types of hydrodynamic cavitation devices 
investigated by Simpson and Ranade10 were used in this study to carry out experiments on degradation 
of DCA in water. The devices were named as D1 to D5 as described in Table 2. Geometric and other 
details of these HC devices may be found in Simpson and Ranade10 and from Figure S.1 of the 
Supplementary Information. Two additional devices – smaller vortex based cavitation devices (vortex 
diodes with throat diameters, dt as 6 mm and 3 mm) were also studied (denoted by D6 and D7 in Table 
2). The pressure drop versus flow data for these devices is shown in Figure 1. Other than these seven 
devices, the data for devices from previous studies11, 20 is also included in Figure 1. 
The experimental set-up reported in Sarvothaman25 was used to operate these devices for carrying 
out the pollutant degradation experiments. The operation of these devices was reported without a 
by-pass line and degradation experiments were carried out at room temperature (T = 18 ± 2 oC). In 
typical experiments, tap water with a calculated quantity of DCA stock solution was recirculated 
through the cavitation setup to ensure proper mixing. The concentration of DCA was analysed using 
UV-Vis spectroscopy. Typical spectroscopy profiles and the corresponding calibration curve are shown 
in Figure S.2. It was found that the characteristic peak at 241 nm gets saturated above 0.035 g/L (35 
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ppm). The initial concentration was therefore set to nearly 0.035 g/L for all the experiments, to avoid 
dilution of the samples during analysis. The initial pH (~ 7) of the DCA solution was left unaltered 
during the entire duration of experiments. Experiments were carried out at two values of pressure 
drops: 100 kPa and 200 kPa for all the seven devices. It was ensured that cavitation inception in all the 
devices occur at less than 100 kPa pressure drop, this was ensured by manually tracking cavitation 
noise with the help of a stethoscope (Acoustica Deluxe Lightweight Dual Head Stethoscope, supplied 
by MDF instruments). Similar to most of the studies in literature, batch experiments were carried out 
to study degradation of DCA in water by circulating the water through HC devices. All experiments 
were carried out in triplicates. Samples were taken at dedicated time intervals. The average and 
standard error for concentration profile was calculated from the degradation data from replicate 
experiments. The confidence intervals for φₒ were calculated using Minitab 19. 
Table 2: Key characteristics of HC devices studied in this work, Orifice: dt=4 mm; Venturi: dt=5 mm; 










Factor, φ0 x 105
Initial Cavitational 
yield @ 200 kPa, 
 mg/J
D1 Orifice 80 – 90 0.6 7.9 ± 1.0 37.5
D2 Swirler + Orifice 70 – 80 0.6 8.4 ± 1.8 42.6
D3 Venturi 50 – 60 0.6 9.9 ± 1.4 52.2
D4 Swirler + Venturi 50 – 60 0.6 9.6 ± 2.4 48.6
D5 Vortex diodedt = 12 mm
50 – 80 0.6 8.6 ± 0.7 51.6
D6 Vortex diode dt = 6 mm
50 – 80 10 129.5 ± 9.5 540.5
D7 Vortex diode dt = 3 mm
80 – 100 150 692.6 ± 62.8 3518.5
4. Results and discussion
The experimental results of DCA degradation were processed using per pass degradation model. It 
was observed that the per pass degradation model of Sarvothaman et al.13 which was based on the 
assumption of constant per pass degradation factor over the number of passes may not be adequate 
for describing degradation of complex pollutants like DCA. Degradation of complex organic pollutants 
like DCA progresses through formation of several intermediates which may have different reactivity 
compared to the original pollutant. Hence in such cases there is a need to relax the assumption of a 
constant per-pass degradation factor to account for changing reactivity of intermediates. Recently 
Sarvothaman25 extended the per-pass degradation model to account for a possibility of varying per 
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pass degradation factor. The extended per-pass model of Sarvothaman25 was used in this work to 
interpret the performance of HC devices. Considering that the number of passes, np =  , the overall 
𝑄
𝑉𝑡
behaviour of a typical cavitation-based water treatment experiments can be modelled as:
(4)𝑄
𝑑𝐶
𝑑𝑛𝑝 = ―𝑄 𝐶 + 𝑄 (1 ― ∅) 𝐶
Where C is a concentration of pollutant, V is a holding tank volume, Q is a flow rate through cavitation 
device and φ is a per-pass degradation factor.
Figure 1: Pressure drop and flow relationship for hydrodynamic cavitation devices (Devices from 
current study: D1 to D7; devices from literature: Rajoriya et al. 11, Doltade et al.20).
The per-pass degradation factor will depend on the generation rate of hydroxyl radicals (G), flow rate 
through cavitation device (Q), chemical nature of pollutant (reactivity with hydroxyl radicals, k2), 
intermediates formed during the radical reactions, concentration of the pollutant (C), concentration 
of scavengers (CS) and the relative rate reactivity of pollutant and scavengers (k2/kS) with hydroxyl 
radicals. Following the model of Sarvothaman25, the following equation was used to fit the observed 
DCA concentration data:
ΔP = 4.5 Q2
ΔP = 0.6 Q2
ΔP = 10 Q2
ΔP = 150 Q2
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  (5)( 𝐶𝐶0) =  𝑒 ― ∅0𝑛𝑝/(1 + ∅0𝑛𝑝)
Further details of the model may be obtained from our previous work.25 The experimentally observed 
degradation profile of DCA obtained with device D1 operated at 100 and 200 kPa is shown in Figure 
S.3. It can be seen that the data obtained at two pressure drops falls within error bars and influence 
of pressure drop across the device is not distinguishable. The experimental data obtained at two 
different pressure drops was therefore processed together for five types of devices exhibiting similar 
pressure drop versus flow rate behaviour (devices D1 to D5). The experimental data is shown in Figure 
2 which confirm that influence of pressure drop is not distinguishable for any of these devices. The 
values of initial per pass degradation factors, φₒ obtained for these five devices are reported in Table 
2. It can be seen that degradation performance observed for all these five devices is comparable 
despite significantly different design of each device. A single value of φₒ (average of φₒ values reported 
in Table 2) was able to describe the experimental data reasonably well (see Figure 2). It should be 
noted that presence of swirler before orifice and venturi has not adversely affected degradation 
performance. Swirling flows offers benefits of realising cavitation zone away from device walls and 
therefore prolonging working life of HC devices. The device types (orifice, venturi and vortex diode) 
also apparently has no influence on observed degradation performance. This is indeed an interesting 
result and will offer an excellent validation case for computational models aiming to simulate HC 
devices and processes.
Considering that the per-pass degradation factor is changing with number of passes, it may be easier 
to simply compare initial cavitational yield rather than using the Equation (2). The initial cavitation 
yield can be calculated as:
Initial cavitational yield (mg/J) = (6)
𝜌 𝐶0 ∅0
∆𝑃  
It can thus be seen that if the per pass device performance (φₒ) is not affected by pressure drop, the 
initial cavitation yield at 100 kPa will be double of that at 200 kPa. The calculated values of initial 
cavitational yield at 200 kPa are reported in Table 2 (by considering C0 as 1000 ppm). For waste water 
treatment, the initial cavitation yield offers a useful measure of HC device performance and can be 
used for comparing different devices in addition to just per pass degradation factor (φₒ).
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Figure 2: Influence of device type on degradation at 100 and 200 kPa for devices D1 – D5 (Symbols: 
experimental data; Solid curves: predicted with Equation (5) - φₒ = 8.89 x 10-5).
An additional set of experiments were performed with two geometrically similar vortex diodes, with 
smaller characteristic dimension (dt = 6 and 3 mm – devices D6 and D7 respectively). The experiments 
were performed at identical pressure drop conditions: 100 and 200 kPa. These two devices have same 
Euler number as that of Device 5. However, because of the smaller size of these devices, the pressure 
drop versus flow rate relationship is significantly different (see Figure 1 and Table 2). The observed 
DCA degradation data for devices D6 and D7 is compared with the average of devices D1 to D5 in 
Figure 3. It can be seen that these smaller devices with significantly lower flow rates exhibit 
significantly better degradation performance. Thus, it can be seen that having geometric similarity and 
same Euler number does not lead to similar degradation performance. A decrease in degradation 
performance with increase in device scale has been previously reported (Sarvothaman et al.13; 
Sarvothaman et al.26) and the present data is consistent with earlier studies.
Unfortunately, it was not possible to scale down swirler + orifice/ venturi which will mimic pressure 
drop versus flow rate curves of smaller vortex diodes. The data is not yet adequate to unambiguously 
conclude that HC devices having same pressure drop versus flow rate curves will lead to similar 
performance. It however offers a useful basis for further work. The data can be used to evaluate 
detailed computational fluid dynamics (CFD) based models to simulate devices (for example, along 
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the lines of the model presented by Sarvothaman et al.26). The study by Simpson and Ranade10 and 
Sarvothaman et al.26 may provide an initial starting point for understanding trends of turbulence 
parameters/cavity trajectories in these five devices and different scales of vortex diode. The 
interpretation of obtained degradation results with help of such multi-scale models will be useful to 
develop better understanding of observed differences and similarities in performance of different HC 
devices. It is however, beyond the scope of this short note. The data of flow and per-pass degradation 
can be used for designing a continuous water treatment process based on hydrodynamic cavitation 
treatment following the procedure discussed by Sarvothaman et al.13
 
Figure 3: Influence of pressure drop on degradation for devices D6 and D7 (Symbols: experimental 
data; Solid curves: predicted with Equation (5) - φₒ for D1 – D5 = 8.89 x 10-5, φₒ for D6 = 1.23 x 10-3  
φₒ for D7 = 6.92 x 10-3).
5. Summary and conclusions
Degradation of DCA in water was investigated using seven HC devices in order to understand the basis 
for comparison of such devices. Five different types of HC devices (orifice, venturi, swirler + orifice, 
swirler + venturi and vortex diode) exhibiting almost the same pressure drop versus flow rate curves 
were considered. The degradation was interpreted with the help of a variable per-pass degradation 
factor model developed by Sarvothaman.25 Additional experiments were performed with two smaller 
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vortex based HC devices having substantially different pressure drop versus flow rate curves. The key 
conclusions from the study are as follows:
 The degradation profile was not influenced by operating pressure drop across HC devices (100 
kPa or 200 kPa) for any of the seven HC devices used in this study
 The degradation for the five types of HC devices (D1 – D5), i.e. with similar pressure drop 
versus flow rate curves could be described by a single value of per-pass degradation factor
 The introduction of swirl does not supress the degradation performance for orifice and venturi 
cavitation devices
 The degradation profiles of devices D6 and D7, with different pressure drop versus flow rate 
curves were drastically different than those for larger devices (D1 – D5)
Various possibilities of planning experiments for comparing performance of different HC devices are 
listed in Table 1. The presented results for the comparison of HC devices based on linear flows (orifice 
and venturi) and swirling flows (vortex diode) on a systematic basis complements the previous study 
on hydrodynamics for these devices (Simpson and Ranade10). The presented results will be useful for 
modellers as well as scientists and engineers interested in developing better HC devices.
Supporting information
The schematic and relevant dimensions for linear – (orifice/venturi) and vortex-based cavitation 
devices used in this study, the UV-Vis spectroscopy calibration curve for dichloroaniline and the 
degradation profiles of DCA with device D1 at operating pressure drop conditions of 100 and 200 kPa. 
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C Concentration of pollutants in experiments (ppm)
C0 Starting concentration of pollutants in experiments (ppm)
Cs Concentration of scavengers (kmol/m3)
D1 Orifice based cavitation device
D2 Orifice-with-swirl based cavitation device
D3 Venturi based cavitation device
D4 Venturi-with-swirl based cavitation device
D5 Vortex-based cavitation device with dt = 12-mm
D6 Vortex-based cavitation device with dt = 6-mm
D7 Vortex-based cavitation device with dt = 3-mm
Eu Euler number
k2 Second order rate constant (M-1 s-1)
ks Rate constant for scavengers (M-1 s-1)
np Number of passes through cavitation device (-)
Q Recirculating flow through cavitation device (m3/s)
Re Reynolds number
t Operation time (s)
T Operating temperature (oC)
V Volume of holding tank (L)
ΔP Pressure drop across cavitation device (kPa)
Greek Symbols
φ Per-pass performance (or degradation) factor (-)
φ0 Initial per-pass performance (or degradation) factor (-)
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Devices based on Linear & 
Swirling Flows
Exhibiting almost the 
same pressure drop 
versus flow rate
Similar performance 
for degradation of 
DCA in water
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